Abstract. Most expressions for infiltration rely upon the assumption of vertical uniformity in soil texture and hydraulic properties. We present an extension of the results of Beven [1982, 1984] for infiltration and lateral flow in soils with decreasing permeability with depth. Unlike Beven, we base the derivations upon joint changes in soil properties based on an overall change in characteristic pore size via Miller scaling. A set of very simple expressions for the time rate of infiltration are obtained using a Green and Ampt approach for soils with permeability that decreases with depth following linear, power law, and exponential relationships.
Introduction
It is widely recognized that soil hydraulic conductivity typically decreases from the surface, yet most infiltration models ignore this fact. Beven [1982, 1984] introduced the possibility that analytical expressions could be derived for small catchments based on soil descriptions which vary with depth. In this paper we build on these results to obtain equations which may be useful in a variety of hydrologic settings.
The basic notion that we would like to pursue is the derivation of equations for infiltration that explicitly include issues of changing soil properties with depth. Beven [1982] presents
Ks(z) =K,(D -z) n
(1)
Os(Z) = O, (D -z) m (2)
to describe the vertical profiles in saturated conductivity Ks and saturated moisture content Os with increasing depth z (positive downward) for a soil with total depth D above an impermeable layer. Here K,, 0,, n, and rn were taken to be parameters to be fitted to the site data, where Beven supposed that n • 2m on the basis of scaling relations for permeability versus porosity. Later, when developing a Green and Ampt infiltration model, Beven [1984] hillslope hydrology and generated a series of hydrographs. In the present paper we refine the application of the above stated relations in the context of infiltration.
Analysis
First we would like to revisit the data of Childs and Bybordi [1969] as presented by Beven [1984] to provide a physical framework for our analysis (Table 1) . We start by asking the question: Why do soils have lower permeability with depth? Is it due to decrease in porosity due to greater packing density of particles of essentially homogeneous particle size? This is not supported by the data in Table 1 , where we observe monotonically increasing porosity with depth, while conductivity drops by a factor of 26. In fact, Figure 2 of Beven [1984] dispels the notion of a strong correlation between the change in conductivity and the change in porosity with depth. To obtain a more physically reasonable connection, we recall that much of spatial variability in soils can be explained by appealing to Miller similarity [Miller and Miller, 1956] . Miller scaling provides a quantitative formulation to relate the hydraulic properties of soils that have particle and pore size distributions which are geometrically similar but that have dissimilar mean size. Recent examples that demonstrate the utility of this approach include the works of Rockhold et al. [1996] and Warrick [1990] .
Let us then suppose that the characteristic pore size varies with depth and that this is the primary factor affecting permeability. We would then expect that as the pore size decreased, conductivity would drop with the square of pore size and that the Green and Ampt wetting front pressure would increase linearly. Table 1 
If we take the depth of the wetting front to be z*, we may use (7) to obtain the potential at the wetting front h(z*)' h (z * ) = ½wSo exp (/3z * )
There is great advantage in employing Miller scaling, in that it provides a physical link between the vertical variation in conductivity and more widely reported values of variability in particle size. Further, it allows a reduction in the number of parameters, as we may link n and rn as well as f and # used by Beven, as shown below.
We desire simple expressions in soils with vertically decreasing conductivity for infiltration rates as a function of time. To achieve these ends, we solve for Green and Ampt infiltration for soils which obey either (1) or (3), with changes in permeability explained by changes in pore size which obey Miller scaling [Miller and Miller, 1956] .
First we will consider a vertically fining soil such that the characteristic microscopic length scale X follows the relationship it(z) = )to exp (-/3z)
where/3 is a scale parameter with unit of inverse length. From Miller scaling we then know that the saturated conductivity will vary with depth following the relationship
where Ko is the saturated conductivity of the uppermost soil. Similarly, the Green and Ampt wetting front potential, which in general will be negative, will follow ½w•(Z) = ½wSo exp (/3z)
We note that Beven [1984] held the product A O½wSo constant to ease computation, which, as noted by Beven and illustrated in Table 1 , is not in keeping with observations. 
For vertical Green and Ampt infiltration q, we know from

Example of Application
To illustrate the results, we can fit the three models to the data given in Table 1 
Summary
We have found that the use of the Miller similarity allows for exact solutions to the Green and Ampt vertical infiltration problem for a variety of continuously varying soil texture profiles. The expressions obtained are physically reasonable, simple to apply, and sufficiently flexible to be fit to a wide range of soil profiles. They can be applied in the full range of settings where the Green and Ampt approach has proven to be a useful quantitative model for infiltration. 
